In practice, while placing concrete in a formwork by pumping, the pressure generated by the pump is not controlled. In order to enhance the safety on the worksite, and in view of the current economic and ecologic arguments, it would be useful to dispose of an equation able to predict pressure losses based on the rheological properties of the concrete and the pipe configuration. This paper describes the derivation of an extended version of the Poiseuille formula, for shear-thickening materials with a yields stress, described by the modified Bingham equation. This formula is applied to flow-tests with self-compacting concrete. The results prove the applicability of this extended Poiseuille formula, showing that the flow is occurring in laminar regime, with no significant wall slip.
INTRODUCTION
Self-Compacting Concrete (SCC) is a special type of concrete which does not need any form of external compaction due to its adapted composition [1 -2] . Compared to traditional concrete, SCC has a lower yield stress, in order to enhance the fluidity and the self-compactability. On the other hand, it has a higher viscosity, caused by the lower water amount and the higher volume (1) In practice, concrete is cast into the formwork in two possible ways: discontinuously filling by means of a concrete scip or continuously filling by pumping [15 -17] . In case of pumping, the pressure needed is not the determining factor, and in most cases, the workmen are not aware of the magnitude of the pressures applied. In order to enhance safety and in view of the current economic and ecologic arguments, it would be useful to have some (approximate) rules or formulae at our disposal. The Poiseuille formula for Newtonian liquids in laminar flow (Eq. 2) is well known in rheology. It forms the basis for the application of capillary rheometers [18, 19] . . For non-Newtonian liquids, the derivation of the shear stress from capillary rheometer tests is quite easy, but the derivation of the shear rate is more complicated, depending on the rheological behaviour of the material. In literature, several forms of the Weissenberg-Rabinowitsch equation are available (Eq. 3) [19, 20] : (3) With ∂g w /∂t = shear rate at the wall [1/s] , R = radius of the pipe [m], t w = shear stress at the wall [Pa] .
In case of Self-Compacting Concrete (SCC), the calculation of the last term in equation 3 is not straightforward, due to the presence of a yield stress and the shear-thickening behaviour, even when time dependency of the rheological parameters is not considered. In addition, when pumping concrete (with known rheological properties), the calculation of the pressure losses at known discharges (or vice versa) is more useful than the calculation of the rheological properties of the concrete, based on the measured pressure losses and discharges [15, 16] . In this way, an equation must be found which can calculate discharges or pressure losses, depending on the piping system and the rheological properties of the material. As the Poiseuille formula for laminar flow is able to provide such a prediction tool for Newtonian liquids, it must not be difficult to extend it for SCC. This paper will describe the mathematical derivation of the Poiseuille formula for shearthickening liquids with a yield stress, like SCC. This formula will be applied to results of rheometer tests, conducted simultaneously with the gravitational flow tests. The predictions from this formula will be compared with the experimental flow test results.
POISEUILLE FORMULA

CONDITIONS OF USE
The Poiseuille formula can only be applied when the following conditions are fulfilled [18, 19] : ■ The flow must be fully developed and isothermal ■ The liquid must be incompressible ■ No radial or tangential flow component is allowed ■ The flow must be steady ■ There is no slip at the walls ■ The flow is occurring in laminar conditions ■ The basic equation (Eq. 2) is only valid for Newtonian liquids These conditions of use will be verified further in this paper whether they are valid in case of SelfCompacting Concrete.
DERIVATION
In order to obtain an extended version of the Poiseuille formula for Self-Compacting Concrete, the derivation of the basic Poiseuille formula for Newtonian liquids must be well understood. The principle of the derivation starts with the well known shear stress distribution: it varies linearly with the radius of the pipe, increasing from 0 at the centre to its maximal value at the wall. When substituting the shear stress profile by the rheological model (t = h ∂g w /∂t), one obtains a shear rate profile which is also linear. Integrating this shear rate profile to the pipe radius delivers the velocity profile, with as integration constant the velocity at the wall, which is 0 (no slip). This velocity profile has the well known quadratic form. A last integration over the pipe inner surface delivers the discharge Q. In this way, one can obtain the Poiseuille formula very easily in case of Newtonian liquids.
EXTENDED VERSION
In order to obtain the Poiseuille formula shearthickening materials with a yield stress, like SCC, with as rheological model the modified Bingham model (Eq. 1), the same principles as in Section 2.2 must be followed. The shear stress profile remains the same: a linear variation from 0 in the centre to the maximal value at the wall. Incorporating the modified Bingham model in order to obtain the shear rate profile delivers already some difficulties. The shear rate profile is a discontinuous function of the pipe radius as a result of the existence of a yield stress. For shear stresses lower than the yield stress, the shear rate is 0, and in case the shear stress is larger than the yield stress, the shear rate is the positive root of the shear stress equation, which is described in Eq 4.
(4)
In order to obtain the velocity profile, the shear rate profile must be integrated. The integration constant is the velocity at the wall, being 0. The velocity profile is also a discontinuous function of the radius of the pipe: the velocity is constant when the shear stress is lower than the yield stress, and it varies in a more complex manner in the part of the pipe where the material undergoes shearing. The centre part of the pipe, with no variation in the velocity, is better known as the plug. The velocity profiles for a Newtonian, a Bingham and a modified Bingham liquid are shown in Figure 1 .
Integrating the velocity profile to the inner surface of the pipe delivers an equation (Eq. 5) for the discharge, which depends on the pipe radius, the applied pressure (or wall shear stress), the length of the pipe (which is incorporated in the wall shear stress in Eq. 5) and the rheological parameters of the concrete. This formula is mathematically and analytically correct, because no simplifications, approximations and assumptions have been applied during the derivation. Remark that rearranging the formula to obtain Dp = f(Q, …), instead of Q = f(Dp, …), is not straightforward. (5) with W = (m 2 + 4ct w -4ct 0 ) o.5 and t w = RDp/2L being the wall shear stress.
Dimensional analysis indicates that the term between brackets has a dimension of [Pa 7 s 7 ], and when taking the first factor into account, the right hand side of Eq. 5 has a dimension of [m 3 /s], which is the correct dimension for the discharge. A parameter analysis of Eq. 5 indicates that all rheological parameters (yield stress, t 0 , plastic viscosity, m, and shear-thickening coefficient, c) have a linear influence on the discharge, when all other parameters remain constant. Discharge varies also linearly with the pressure loss and is inversely proportional to the length of the pipe.
The authors would like to remark that applying this procedure to a material described by the Herschel-Bulkley equation [4, 11, 21] does not deliver an analytical solution. The integration of the shear rate profile is mathematically too complicated to be performed analytically. This makes the Herschel-Bulkley equation less favourable in order to describe the rheological behaviour of fresh SCC, especially when describing "flowproblems".
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TEST DESCRIPTION
FLOW-TEST SETUP
The test setup consists of a horizontal steel pipe, with an inner diameter of 106 mm. This diameter is quite large compared to the known capillary rheometers in polymer industry, but this size is needed in order to eliminate heterogeneity which can be caused by the largest particles in the concrete, which have a size of 16 mm. In concrete science, the material is assumed to behave homogeneously when the minimal distances between the boundaries is larger than 4 -5 times the maximal grain size [15, 16] . In this case, the fluctuations caused by the heterogeneity of the material are of a smaller scale of observation than the macroscopic fluctuations which are studied [22] . As a result, the material can be regarded as homogeneous during the flow tests.
Each steel pipe, applied in the horizontal section, has a length of 3 m, and several pipes can be connected by clamps. The roughness of the pipes is of the order of 100 mm [23] , but it has no significant influence on the test result due to two reasons: In laminar flow, the pressure losses are independent on the roughness of the pipes. Secondly, the voids in the pipes caused by the roughness are filled with cement paste during the first flow of concrete trough the pipes, while no measurements are performed. The connections between the steel pipes are "cement paste tight" by the application of rubber seals and clamps ( Figure 2 ) [15 -17] . In this way, the pipe can have a total length of 3, 6, 9 or 12 m.
Upstream of the steel pipes is a vertical plastic tube, which serves as concrete reservoir. This tube has a total height of 2.3 m and is equipped with a valve at the bottom. The pressure applied to the concrete inside the horizontal pipe is caused by the height of the stationary concrete. The height of the concrete is measured by means of a floating device following the concrete surface. By measuring the density of the concrete during a test, the applied pressure at each moment is known.
Downstream of the steel pipes, there is a reservoir suspended to a rolling bridge by means of a load cell. With known density, the volume variation with time, which is defined as the discharge, can be calculated. Both the height of the concrete in the upstream reservoir, as the weight executed by the downstream reservoir on the load cell are registered simultaneously at a rate of 10 measurements per second. The flow-test setup is depicted in Figures 3 and 4. 
CONCRETE TESTED
In total, 15 SCC mixes have been produced for the tests. 6 mixes have been tested at 3 m, 5 mixes at 6 m and 2 mixes at 9 and 12 m each. In case the length of the steel pipe was 3 m, a batch of 200 l of concrete was sufficient in order to fill the upstream reservoir and the pipe, and to perform other tests on the fresh concrete (like the determination of the density and a rheometer test). In case of a 6 or 9 m steel pipe, the amount of concrete needed was 250 l, which has been produced in two separate batches of 125 l each, because the maximal capacity of the mixer was 200 l. For the 12 m steel pipe, two batches of 137.5 l each have been produced. Due to this split concrete production procedure, some small differences between the two consecutive batches can occur. When pouring concrete in the reservoir, no mixing of the two batches is observed, resulting in the differences between the batches to remain. When discussing the results, the consequences of these differences will become clear.
The composition of the three main types of mixes can be found in table 1. Two different superplasticizers (SP), both polycarboxyl ether based polymers [24] , have been applied in the
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Applied Rheology Volume 18 · Issue 6 test program. These SP are needed in order to decrease the yield stress of the concrete to make it self-compacting [1 -3] . The difference between the SP applied is their workability retention, i.e. their capability of keeping the concrete self-compacting in a certain time span. SP 1 has a long workability retention (up to 90 or even 120 minutes), for SP 2, it is rather short (30 to 60 minutes). On the other hand, SP 2 is more efficient and as a consequence, a smaller amount must be added in order to make the concrete self-compacting. The reference mixes, SCC types 1 and 2, both produced with SP 1, have been tested in the test setup with 6, 9 and 12 m of length. An SCC type 1 has also been tested in the 3 m pipe. The SCC 3-type, produced with SP 2, has been tested in the 3 and 6 m test setup, with the aim to see a clear loss of workability over time.
In order to keep the notation simple, any mix is determined by its type as a first number, and followed by the length at which it has been tested. For example: SCC 1-3, is SCC type 1, tested with a pipe length of 3 m.
TESTING PROCEDURE
The mixing of the concrete took 5.5 minutes, consisting of 15 seconds mixing of all dry components (gravel, sand, cement and filler), adding water during 15 seconds and mixing for 2 minutes, adding the SP and mixing for 3 more minutes. Any concrete age is being referred to the time the water has been added to the last concrete batch. In case the concrete has been produced in two consecutive batches, the first part has an additional age of approximately 7 minutes. After mixing, a slump flow [1, 25, 26] test has been taken from both batches, in order to evaluate the flowing ability of the concrete, and in order to investigate the differences between the batches. From each batch, 4 liter of concrete has been taken and the density of the 8 liter sample has been determined. As last test before the concrete is poured into the upstream reservoir, a sieve stability test [1, 26] has been performed in order to evaluate the stability of the concrete. If the concrete shows tendency to segregate, the homogeneity of the concrete during the test must be doubted. The authors would like to remark from their own experience that if the concrete severally segregates, the tests cannot be performed due to blocking.
Once all tests on the fresh concrete have been performed, the concrete is poured into the upstream reservoir, with the valve which separates the reservoir from the horizontal pipes open. During this filling of the horizontal pipes, a large part of the cement paste attaches to the walls of the steel pipes. As a result, a front of aggregates moves forward, slowing down the flow and sometimes leading to blocking of the concrete. This is a natural phenomenon, which occurs also in practical situations, but which is counteracted in practice by inserting a water-cement mix in the steel pipes in front of the concrete. This reduces the risks of blocking [15 -17] . In this project, no watercement mix has been added, and the front of aggregates has been removed when flowing out or during blocking. After this, once a homogeneous concrete flowed out of the pipes, the valve has been closed and the setup was ready for the first test. During this preparation, no measurements have been performed.
At a concrete age of 30 minutes, the valve is opened again, and the upstream reservoir empties, through the horizontal steel pipe(s), into the suspended reservoir. Once the flow has stopped, the valve is closed, and the concrete in the suspended reservoir is placed inside the upstream reservoir again. In this way, each 30 minutes, a new test has been performed, until the workability of the concrete became too low to assure a proper cleaning. Remark that before the beginning of each test, the horizontal pipe was (al-
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Applied Rheology Volume 18 · Issue 6 [4, 10] . Appropriate actions have been taken in order to eliminate thixotropy during a single test [9, 10, 27] . By performing a test each 30 minutes, the loss of workability of the concrete has been investigated.
The obtained rheological properties serve as input in Eq. 5 in order to calculate (theoretically) the discharge and pressure losses. The application of the Weissenberg-Rabinowitsch equation (Eq. 3), in order to determine the rheological properties from the pressure loss -discharge relation does not work well, due to very large difficulties which arise when determining the last term in Eq. 3. As a consequence, only the results expressed as a function of pressure loss versus discharge have been analysed.
FLOW-TEST RESULTS AND DISCUSSION
DATA TREATMENT
In order to verify the extended version of the Poiseuille formula for SCC, a relation between the pressure losses and the discharge must be obtained for each test performed. The pressure loss is measured over the total length of the pipe, of which the upstream pressure is dependent on the height of the concrete in the upstream reservoir, as expressed in Eq. 6: (6) Remark that due to the emptying of the reservoir, the upstream pressure is dependent on the time. The downstream pressure is equal to the atmospheric pressure and is independent on the time. The pressure loss is the difference between the upstream and downstream pressure, and it can be divided by the length of the pipe in order to eliminate the length-dependency. The steel pipe is horizontal, and as a result, no static pressure has to be taken into account.
The discharge is somewhat more complicated to measure. By the variation of the weight of the downstream reservoir, the volume variations can be calculated. The discharge can be obtained through Eq. 7:
During the last part of the test, the concrete is dripping out of the pipe instead of flowing, most probably due to the cohesion/yield stress and the low discharge. In this case, when calculating the discharge directly with Eq. 7, a very discontinuous pattern arises. In order to overcome this problem, the volume evolution in time is approximated very well by a complex mathematical equation. This V(t)-equation has been applied in order to calculate the discharge more easily, without the large fluctuations due to the dripping of the concrete. The Q Figure 5 . Remark that the mathematical V(t) corresponds very well to the experimental data.
(t)-equation is simply the time derivative of the V(t)-equation. An example of the mathematical V(t) and Q(t) curves is shown in
On Figure 5 , it can be seen that the Q(t) curve shows a peak in time. This means that the flow is accelerating during the first part of the test, and only later it is decelerating. On the other hand, no increase in pressure difference has been provoked: the upstream reservoir only empties during the test, causing a continuously decreasing pressure loss. This peak in Q(t) is most probably due to thixotropy. When the concrete is at rest between two tests, or between the filling of the pipes and the first test, it builds up a certain
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Applied Rheology Volume 18 · Issue 6 amount of internal structure (coagulation), which is being destroyed during the first part of the test [5 -8, 28, 29] . Thixotropy is estimated to have disappeared when the Q(t)-curve reaches its inflexion point, meaning that the concrete has stopped the acceleration, relative to the decrease in pressure loss. Only the data after the inflexion point have been taken into account for the further analyses.
FLOW-TEST RESULTS FOR LONG PIPES (L > 3 M)
In order to evaluate the flow-test results properly, a distinction has been made between the short pipes, with a length of 3 m, and the longer pipes. The reason for this will be explained in the next section.
Influence of the length of the pipe
Tests with SCC type 1 and type 2 have been performed on a pipe length of 6, 9 and 12 m. As a result, it should be easy to compare the test results for both concretes. On the other hand, the rheological properties of SCC are very sensitive to small variations in the composing elements (fineness of the cement or the filler, grain size distribution of the aggregates, …). As a result, producing exactly the same SCC, with equal rheological properties is a very challenging task. Nevertheless, for SCC 1 applied for the tests of 6 (SCC 1-6) and 9 m (SCC 1-9) , the rheological data, obtained at 60 minutes of age, are very similar (SCC 1-9 shows a little more shearthickening behaviour). The pressure losses, divided by the length of the pipe, are almost equal for SCC 1-6 and SCC 1-9, at each discharge ( Figure 6) . SCC 1-12 shows slightly higher pressure losses, but it shows also slightly higher rheological properties. As a conclusion, the linear dependency of the pressure losses on the length of the pipes has been confirmed, if the thixotropic part of the test is eliminated.
Influence of the rheological properties
In Figure 7 , the results of the rheometer tests on SCC 2-6, obtained at 30, 90, 120, 150, 180 and 210 minutes are shown. Figure 8 shows the corresponding pressureloss-discharge curves for SCC 2-6. Apart from the result obtained at 30 minutes, the evolution in pressure losses is very similar to the evolution of the rheological properties. Also for SCC 3-6, having a large loss of workability, the results are similar ( Figure 9 ). As a result, the rheological properties are influencing the pressure losses in a linear way, which has been mentioned in Section 2.3. In Figure 9 , it can be seen that the pressure loss at stoppage for the 60 min test is only slightly higher than the pressure loss for "0"-discharge obtained at 30 minutes, while the rheometer tests clearly indicate that the yield stress of the concrete is rising significantly. The most probable cause of this effect is explained in Section 5.2.
Influence of the discharge
As can be seen in Figures 6, 8 and 9 , the pressure losses show a non-linear increase with increasing discharge. This increase can be described as
62705-7
Applied Rheology Volume 18 · Issue 6 "shear-thickening" and corresponds to the shear-thickening behaviour of the applied concrete. In case of SCC, the shear-thickening behaviour never exceeds the quadratic form. This can also be seen when applying Herschel-Bulkley to the rheological data, because the flow index 'n' never exceeds the value of 2 [9, 10] . In order to describe the relationship between pressure losses and discharge, also no higher order equations than quadratic are needed. This means that the pressure losses seem linearly dependent on the discharge, and that the non-linearity is caused by the intrinsic rheological behaviour of the SCC.
FLOW-TEST RESULTS FOR SHORT PIPES (L = 3 M)
The obtained conclusions in Section 4.2 do not seem valid in case only one steel pipe of 3 m is applied in the test setup. The deviation of these test results could be due to the increased importance of the secondary effects, like entrance and exit effects. Especially in case of highly fluid SCC, large deviations occur. With increasing "regular" pressure losses, due to a larger length of the pipes, or due to a higher flow resistance of the SCC, the relative importance of the secondary effects decreases, and in case of pipes of 6 m and longer, it becomes negligible. As a result, the tests performed with the 3 m pipe are not taken into account for further analysis.
APPLICATION OF THE EXTENDED POISEUILLE FORMULA
GENERAL RESULTS
By means of the extended Poiseuille formula, based on the pipe configuration and the rheological parameters of the concrete, the measured pressure loss -discharge relationship should be obtained again. Figures 10 -12 show the results for SCC 2-9, aged 30 minutes, SCC 1-12, aged 60 minutes and SCC 2-12, aged 90 minutes, respectively. It can be seen that the agreement between the experimental results and the calculated predictions can be classified from good tot excellent. This confirms the linear dependency of the pressure losses on the length of the pipe and the rheological properties. As a result, the pressure losses are linearly dependent on the discharge, indicating that the flow is occurring in laminar regime. An approximate calculation of the Newtonian Reynolds number, based on the apparent Newtonian viscosity at a shear rate of 5/s, delivers a value between 1 and 10, while a value around 2000 is needed to obtain transient or turbulent flow [18] .
INFLUENCE OF DIFFERENCES BETWEEN THE BATCHES
In Figures 8 and 9 of Section 4.2.2, it can be seen that the logic sequence between the first and the second test is not always respected. For example, in Figure 9 , the pressure loss at "0"-discharge for the 60 minutes test is almost equal to the result of the 30 minute test. On the other hand, the rheometer tests indicate a clear increase in yield stress. This can be due to the differences between the SCC produced in the separate batches. Normally, the SCC from the second batch is somewhat more fluid than the SCC from the first batch, because when mixing the first batch, a certain amount of cement paste sticks to the mixer walls. As the mixer is not cleaned between the batches, the mixer walls are already covered with cement paste, and as a result, more cement paste remains inside the concrete, acting as a kind of lubricant. For SCC 3-6, shown in Figure 9 , the slump flow changed from 600 mm for the first batch to 660 mm for the second. This effect has been counteracted when producing the concretes for the 12 m tests by slightly reducing the amount of SP for the second batch.
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Before the start of the first test, the flow test setup is filled with the concrete from batch 1 in the horizontal pipe and in the lower part of the upstream reservoir, and with concrete from batch 2 in the upper part of the upstream reservoir. At the end of the first test, a total volume of concrete between 60 and 100 l has not flown inside the downstream reservoir, but remains in the pipes and the lower part of the upstream reservoir. This amount of concrete is mainly concrete from batch 2. When the downstream reservoir is emptied in the upstream reservoir again between the first and the second test, the concrete in the upper part of the upstream reservoir is mainly concrete from batch 1. As a result, during the first and second test, the results are determined by the concrete properties of batch 1 and 2 respectively, showing lower pressure losses during the second test, compared to the first one. During further tests, the influence is less visible. For the rheometer tests, only one sample has used at all concrete ages. As a result, the variations due to differences in the batches are not visible in the rheometer tests.
APPLICATION TO TRADITIONAL CONCRETE?
This test setup has been developed to verify the extended version of the Poiseuille formula, derived for self-compacting concrete. The question can arise whether this formula is also valid for traditional concrete (TC) and whether the test setup can be used in this case. A first large difference between TC and SCC is the absence of any shear-thickening in case of TC [9, 10] . This means that Eqs. 4 and 5 cannot be applied. On the other hand, the Buckingham-Reiner equation is available for Bingham liquids like TC. A second difference between TC and SCC is the yield stress. TC has a (much) higher yield stress compared [3, 10] to SCC, which can put a lot of restrictions on the testing principle. For SCC 3-6, tested at the age of 90 minutes, the yield stress had increased that much that after the flow had stopped, the height of the concrete in the upstream reservoir was still 1 m , which is half of the original height. In case of TC, where the yield stress can be even higher, it could be that the flow will never start. A higher upstream reservoir can solve this problem, but a larger amount of concrete is needed, and cleaning becomes more difficult. Generally speaking, this specific test setup appears not really suitable for traditional concrete.
VERIFICATION OF THE EXTENDED POISEUILLE FORMULA
In section 5, the extended Poiseuille formula has been validated for SCC, but the conditions of use, mentioned in section 2.1, should be regarded more in detail: ■ The flow should be fully developed and isothermal: Due to the low discharges, no heating of the concrete occurs, so the isothermal aspect is confirmed. On the other hand, due to the free exit, the flow is not fully developed at the end of the pipe, but this effect can be neglected when the pipe is sufficiently long. ■ The liquid must be incompressible: SCC is composed of solid and liquid materials only. However, concrete in general has a small air content of approximately 1.5 to 2 %, distributed in a large amount of very small air bubbles, representing the compressible part. The compressibility is assumed to be negligible in this case. ■ No radial or tangential flow component is allowed: This is assumed to be fulfilled, but no verification tool really exists. ■ The flow should be steady: This means that no variations in time can occur, although, the time-variations in this test setup are slow, especially compared to the registering speed of 10 measurements per second. The tests are conducted in quasi-steady state. ■ There is no slip at the walls: This is the most difficult condition to verify. Until now, no test procedure or equipment is available to determine the velocity profile during the flow of concrete. During these particular tests, due to the low pressures applied and the high stability of the SCC, no separation of water/cement paste near the pipe walls is expected. The good agreement between the experimental data and the calculated results indicates that there is no significant slippage near the walls. On the other hand, if the SCC has a tendency to segregate, special attention should be paid to this condition.
■ The flow is occurring in laminar conditions: This has been proven in Section 5.1, with a Newtonian Reynolds number between 1 and 10, indicating that the flow conditions are far from turbulent. As a result, this extension of the Poiseuille formula is applicable to the obtained test results with self-compacting concrete, taking into account that no slippage near the wall is allowed. The question remains whether this formula is also applicable to high speed concrete flow, during pumping for example, when discharges are obtained between 10 and 30 l/s, which are a factor 10 to 20 higher than the discharges measured in flow tests described in this paper [15, 16] . This will be investigated through further research.
CONCLUSIONS
Based on the steady state rheological properties of fresh self-compacting concrete, including shear-thickening behaviour, an extension of the Poiseuille formula has been developed analytically. This extended Poiseuille formula has been applied to the results of flow tests of concrete through a horizontal steel pipe, where the driving pressure is caused by gravity. The test results indicate that for long pipes of 6, 9 and 12 m, the extended version of the Poiseuille formula is correct, but for short pipes and highly fluid SCC, the influence of the secondary effects is becoming significant.
The pressure losses have proven to be linearly dependent on the length of the pipe, the rheological properties and the discharge. As a result, the flow is occurring in laminar regime with no significant wall slip. Although, the no slip condition is the most difficult to verify and special attention should be paid to it when the concrete has a tendency to segregate. The extended Poiseuille formula is not valid for traditional concrete, due to the absence of shear-thickening behaviour, and this test setup does not seem applicable due to the high yield stress of traditional concrete. Further research must point out whether this formula is also valid during high speed concrete flow, for example due to pumping.
